Mass spectrometry imaging (MSI) and in-situ single cell mass spectrometry (SCMS) analysis under ambient conditions are two emerging fields with great potential for the detailed mass spectrometry (MS) analysis of biomolecules from biological samples. The single-probe, a miniaturized device with integrated sampling and ionization capabilities, is capable of performing both ambient MSI and in-situ SCMS analysis. For ambient MSI, the single-probe uses surface micro-extraction to continually conduct MS analysis of the sample, and this technique allows the creation of MS images with high spatial resolution (8.5 µm) from biological samples such as mouse brain and kidney sections. Ambient MSI has the advantage that little to no sample preparation is needed before the analysis, which reduces the amount of potential artifacts present in data acquisition and allows a more representative analysis of the sample to be acquired. For in-situ SCMS, the single-probe tip can be directly inserted into live eukaryotic cells such as HeLa cells, due to the small sampling tip size (< 10 µm), and this technique is capable of detecting a wide range of metabolites inside individual cells at near real-time. SCMS enables a greater sensitivity and accuracy of chemical information to be acquired at the single cell level, which could improve our understanding of biological processes at a more fundamental level than previously possible. The single-probe device can be potentially coupled with a variety of mass spectrometers for broad ranges of MSI and SCMS studies.
Introduction
Mass spectrometry imaging (MSI) is a relatively new molecular imaging technique to provide the spatial distribution of the compounds of interest on surfaces. During the MSI analysis, mass spectrometry (MS) measurements are recorded across the surface on an individual pixel basis to create a 2D image of the species of interest 1 . MSI techniques have the ability to provide a spatially resolved feature distribution for a large range of metabolites, allowing a much greater amount of information to be obtained from a sample than from using traditional molecular imaging techniques, and they have the potential to greatly improve the analysis of biological samples for biological and pharmacology studies 2 . MSI can be broadly separated into non-ambient and ambient approaches. The non-ambient MSI analysis techniques, such as matrix assisted laser desorption ionization (MALDI) MS 3 and time of flight secondary ion MS (ToF SIMS) 4 , are capable of high spatial resolution (around 5 µm and 100 nm, respectively) and high sensitivity. However, these methods require extensive sample preparation, such as the application of matrix molecules to the sample surface, and a vacuum sampling environment, which could introduce artifacts to the data obtained. Ambient techniques such as desorption electrospray ionization (DESI) MS 5 , laser ablation electrospray ionization (LAESI) MS 6 , and nano-DESI MS 7 are capable of MSI of samples with little to no prior preparation under the ambient environment, which is able to produce MS images that potentially reflect the sample in its most native state. However, most of these techniques generally lack the high spatial resolution and detection sensitivity compared with the non-ambient techniques, with experiments typically conducted at around 150 µm per pixel 8 .
Single cell analysis (SCA) is a growing field that has the ability to characterize the chemical composition of biological samples at the cellular level. SCA enables the analysis of biological systems at a more fundamental level than traditional cell analysis techniques, which produce an averaged result of a population of cells, potentially providing insights that are previously intractable 9 . MS techniques have recently been applied to SCA (termed single cell mass spectrometry or SCMS) using non-ambient techniques such as MALDI MS 10 (Figures 1e and 1f) . 1. Drill an ion source interface flange with two holes allowing for the attachment of an aluminum optical board. Make a slide rail device and a height adjustment rod (attached to a XY stage for fine position tuning), such that the digital stereoscope system can be attached to the aluminum optical board (Figure 1e ).
2. Attach the modified digital stereo microscope, a USB digital microscope, a miniature manual XYZ translation stage with a flexible clamp holder, the motorized XYZ translation stage system to the aluminum optical board, which is mounted on the customized ion source interface flange of the mass spectrometer (Figures 1c and 1f) . Use the flexible clamp holder to fix the glass slide attached with a single-probe. 3. Attach the single-probe setup to the mass spectrometer (Figure 1f) . Adjust the flexible clamp holder and the miniature XYZ stage to place the emitter of the single-probe in front of the inlet of the mass spectrometer. Use the USB digital microscope (with adjustable view angle) on the side of single-probe to provide a zoomed-in image of the single-probe tip or the nano-ESI emitter, and the digital stereoscope (with adjustable height) above the single-probe to view the cells and the probe tip. Note: Using the corresponding ion source flange, this integrated single-probe system can be coupled to any other types of mass spectrometers equipped with ambient ionization sources.
Ambient MSI
1. Thaw the sample section at room temperature and place it onto the motorized XYZ translation stage system underneath the single-probe. Adjust the sample position by changing the coordinates in the control software. 2. Using the syringe to pump the sampling solvent at an appropriate rate (e.g., 0.2 µl/min), and apply the ionization voltage (e.g., 5 kV). The selection of the sampling solvent is flexible, and the common ones include MeOH:water (9:1) and acetonitrile. The dead volume of the nano-ESI emitter was estimated to be ~3 nl, and the time between the probe-surface contact and ion signal observation is usually less than 1 sec 15 . Note: The customized ion source interface flange allows the ionization voltage to be delivered from the mass spectrometer to a conductive union through a crocodile clip. The ionization voltage is then transmitted through a conductive union to the solvent inside the capillary and the single-probe channels, and applied onto the nano-ESI emitter to ionize the sampled analytes. Ensure that the ionization voltage is turned off when connecting the crocodile clip with the conductive union. 3. Adjust the height of the single-probe so that it is resting just above the surface of the sample and able to perform surface-extraction of metabolites. Carefully lift the Z-stage, and then use the USB digital microscope (on the side of the single-probe) to monitor the distance change between the single-probe tip and tissue surface. Monitor changes in the mass spectrum during this height adjustment, and stop lifting the Z-stage when a change of the ion signal from solvent background to tissue metabolites is observed. 4. Repeat step 5.3 three times to set three different points within the stage control program for automated surface flattening adjustment.
Place the tip of the single-probe at three points on the sample surface at a distance of about 10 mm apart from each other. Perform height adjustment by pressing the up and down icons, and lock the three points into position under the "Plan method". 5. Set other parameters for rastering across the section of interest within the sample using this program. For the mouse kidney sections presented here, use a 10.0 µm/sec rastering speed and 20 µm distance between lines. The motorized stage system has a 0.1 µm minimum increment motion. The distance between the single-probe tip and tissue is obtained from step 5.3. 6. Set up a method for the automated acquisition of MS spectra from the mass spectrometer. For high mass resolution MSI on mouse kidney sample, use the following parameters: mass resolution 60,000 (m/Δm), ~5 kV positive mode, 1 microscan, 150 msec max injection time, and AGC on. All acquired MS spectra representing individual lines of the MS image had the same number of scans with uniform time spacing between each scan, indicating that the pixel sizes for the images produced were uniformly distributed. 7. Initiate the MSI data acquisition. Initiate the MS acquisition sequence for the mass spectrometer, and then initiate the rastering sequence for the XYZ control program. 1. For example, in the MS data acquisition program utilized here, go to "Sequence setup", select "New sequence", generate a set of files for a new sequence numbered from 01 to X, where X is the number of lines used for the desired MS image to be taken, and then press "Run sequence". 2. Use a homemade electronic device to allow the software to produce a contact closure signal for the mass spectrometer to collect the data. The circuit diagram is shown in the supplementary figure ( Figure S1 ) as a reference.
8. Construct MS images from raw MS files using appropriate MSI visualization software. For example, when using the software package developed by Laskin's group at PNNL 17 , perform the following steps. 1. Click "Brows File." Select the first file obtained from the MSI experiment. Specify where the file starts and finishes under "Number of Lines." Select a range of m/z values for the MS image range under "Enter MZ Range". 2. Press the "Start" button to initiate the image creation process. Once the MS image is made, click "Save Image" under "Toolbar" to store images in the computer.
In-situ Live SCMS
Note: Alternatively, use the fresh cell culture medium (without containing fetal bovine serum) to rinse the cultured cells. Less ion suppression has been observed. In addition, cell can survive for longer time during the experiment where the ambient temperature (~20 °C) is significantly lower than the culture temperature (37 °C). The drug type, solution concentration, and treatment time vary in different studies. 3. Focus the digital stereo microscope (above the sample) onto the tip of the single-probe to monitor cell penetration during the analysis. Use the USB digital microscope (on the side of the single-probe) to monitor the working conditions of the nano-ESI emitter on the single-probe. 4. Use the motorized XYZ stage control program and digital stereo microscope (above cells) to locate a cell of interest, and precisely position the single-probe tip above the sample. Start MS data acquisition before the single-probe tip is inserted into the cell. 1. Use the following parameters as references for MS analysis using a high resolution mass spectrometer: mass resolution 100,000 (m/Δm), ~3 kV positive and negative mode, 1 microscan, 150 msec max injection time, AGC mode on. Automated acquisition of MS spectra is done by clicking "Start" in the MS data acquisition program. 
Representative Results
The single-probe was successfully used for the ambient MSI analysis of sectioned mouse kidney tissue 15 . The device uses the mechanism of surface liquid micro-extraction (Figure 1a) , which provides highly efficient analyte extraction from a small area, leading to abundant ion signals intensities in the MSI results. For example, the signal intensities of more than 10 7 have been achieved for some abundant metabolites . These compounds were identified with high mass resolution and mass accuracy when coupled to a high resolution mass spectrometer. For example, the identification was achieved with less than 4 ppm m/z mass accuracy (i.e., the difference between the observed and theoretical values) for each metabolite (Figure 2b ) in results presented here. In addition, tandem MS analyses (i.e., MS/MS) were also conducted for more confident identification of species of interest. 15 Due to the capability of performing efficient liquid micro-extraction on a small area, the single-probe device can be used to perform high spatial resolution MSI experiments under ambient conditions 15 . For example, detailed MS images of mouse kidney sections have been obtained illustrating the spatial distribution of selected metabolites (Figure 2c) . The spatial resolution of the MS image was determined to be 8.5 µm, following the widely used metric of having the transition point of a sharp feature determined within a 20-80% intensity change of the MS signal. 18 In the case of phospholipid [PC (38:5 + Na)] + on the mouse kidney section , the feature transition between the inner medulla and the outer medulla takes place across one scan cycle in the chronogram, showing an intensity change greater than 20-80% range. Based on the sample moving speed (10.0 µm/sec) and MS data acquisition rate (0.85 sec/spectrum), the sample moving distance in one MS scan cycle (8.5 µm), i.e., the MSI spatial resolution, can be calculated (Figure 2d ). This spatial resolution is amongst the highest yet achieved for ambient MSI techniques conducted on biological samples.
For SCMS the single-probe was able to achieve the analysis of individual live HeLa cells 16 . The tip size of the single-probe is typically less than 10 µm (Figure 3a) , which is small enough to be directly inserted into many types of eukaryotic cells, of which the diameter is ~10 µm, for extraction and MS analysis. The insertion process of the single-probe tip into a cell can be visually monitored using a digital stereo microscope (Figure 3b) , and the cell membrane penetration can be confirmed through the rapid and significant change of mass spectra from PBS (or fresh cell culture medium) to intracellular compounds (Figures 3c and 3d) . The experiments can be conducted in both positive and negative ion modes to detect broader types of molecular species. For example, 18 different lipid species were identified in the positive mode, including sphingomyelins (SM) and phosphatidylcholines (PC), whereas adenosine phosphates (AMP, ADP, and ATP) were detected in the negative ion mode (Figures 3c and d) . The time delay between the single-probe insertion into a cell and the signal detection was typically less than two seconds, allowing a near real-time detection of cellular metabolites. SCMS was also applied to experiments where cells were treated with anticancer drugs (e.g., OSW-1, paclitaxel, and doxorubicin) 19] . The corresponding drugs can be detected within HeLa cells after 4-hour treatment at a series of concentrations (i.e., 10 nM, 100 nM, 1 µM, and 10 µM) in DMSO (dimethyl sulfoxide), using the untreated cells (add DMSO only) as the controls. The MS signals of drugs were not present within the extracellular PBS or the control (Figure 3e ), but were detected within the single cells using the single-probe MS technique (only 100 nM treatment results are shown in Figure 3f ). Because cells were rinsed with PBS (or fresh cell culture medium) to remove extracellular compounds and contaminations, the detection of endogenous metabolites (e.g., cell lipids and adenosine phosphates) and exogenous compounds (e.g., anticancer drugs) indicates that the Single-probe MS technique can be used to analyze intracellular compounds. Figure S1. Circuit diagram of the electronic device used to produce contact closure signal for mass spectrometer to collect data. Please click here to view or download this figure.
Discussion
The single-probe is a multifunctional device that can be used for both MSI and SCMS experiments. The single-probe setup (including translation stage systems, microscopes, ion source interface flange, etc.) is designed as an add-on component that can be flexibly adapted to the existing mass spectrometer. A rapid exchange between the single-probe setup and the conventional ESI ion source can be accomplished within one minute. In principle, using the appropriate ion source interface flange, the single-probe setup can be adapted to the any other mass spectrometers. Additionally, the sampling solvent containing a variety of reagents can be used with the single-probe setup for reactive MSI and SCMS experiments, which greatly enhances the detection of broader ranges of biomolecules. In addition to animal tissues and cell lines, the single-probe is also capable of analyzing other biological systems such as plants. Therefore, with the same experimental setup and similar user training, a variety of studies can be performed using a single instrument and by the same users, allowing for efficient and versatile experiments to be accomplished with the minimum training time and instrumentation cost.
The key component of the single-probe MS technique is the probe itself. The quality of the single-probe has a significant influence on its performance, which largely determines the quality of both MSI and SCMS experiments. When fabricating single-probes, make sure that the capillaries inside of the dual-bore tubing are securely glued to eliminate the chance of solvent leak during the experiments. It is critical to use a minimum amount of UV curable epoxy, such that the orifices and capillaries are not clogged during the probe fabrication.
The single-probe has been used to conduct high spatial and mass resolution ambient MSI on biological samples 15 . The major advantage of ambient MSI over non-ambient methods is that sample preparation is kept at a minimum with no need for a vacuum sampling environment, which allows the sample to be analyzed in a near native state 8 . One of the major hurdles for most other ambient MSI technique has been a lack of spatial resolution 1 . Compared with the desorption based MSI techniques (such as DESI and LAESI), the small tip size of the single-probe allows a more robust and efficient surface liquid micro-extraction to be performed over a small area, leading to a high spatial resolution of 8.5 µm, which is amongst the highest ones achieved using ambient MSI techniques 15 . In addition, adjusting the components of the sampling solvent provides extra flexibility to conduct the experiments. For example, sampling solvents containing reagents (e.g., dicationic compounds) have been used to perform reactive MSI experiments, allowing for a significant increase in the number of metabolites identified per experiment In addition to fabricating a high quality probe, carefully tuning the instrument is essential for a successful MSI experiment. Among all tuning steps, adjusting the height of the single-probe tip above the tissue section surface is the most critical one. When adjusting the probe height, pump the sampling solvent and turn on the ionization voltage, so that only the solvent background ion signals can be observed. Then monitor the change of the mass spectrum while carefully reducing the probe-surface distance by lifting the motorized Z-stage until strong and stable ion signals from tissue section can be observed; this probe height will be used for MSI data collection during the experiment. In addition, an optimized solvent flow rate is essential for MSI experiments. Adjust the flow rate with the optimized probe height. Ensure that there is no solvent spread on the tissue surface (i.e., flow rate is too high) or bubble formation inside the nano-ESI emitter (i.e., flow rate is too low).
The single-probe is a multifunctional device for bioanalysis. In addition to the MSI experiments, it is capable of conducting near real-time in-situ SCMS to elucidate detailed chemical information from live eukaryotic cells 16 , which is a major advantage compared with other vacuum based SCMS techniques (such as MALDI 10 and SIMS
21
). The small size of the probe tip provides the ability to be inserted into a live eukaryotic cell and to extract and ionize the intracellular compounds for immediate MS analysis. Similarly, the sampling solvents containing reagents (e.g., dicationic compounds) can be used in the SCMS experiments, and a broader range of cellular constituents can be detected in a live single cell than ever before (ongoing research, data are not shown). Although the real-time analysis will provide the chemical profiles of live single cells, due to the cell penetration of membrane and extraction of cellular contents, the cell under investigation will be killed after the experiment, implying that the single-probe SCMS technique is still a destructive method. In addition, the probe tip and nano-ESI emitter in the single-probe can be easily clogged for inexperienced users. To reduce the chance of device clogging, ensure to avoid touching the nucleus when inserting the single-probe tip into a cell. If clogging occurs, the device can be regenerated by heating up the clogged probe tip or the nano-ESI emitter using a homebuilt heating coil 16 . Another limitation of the single-probe SCMS technique is that only the adhesive cells (i.e., cells are attached to surfaces) can be analyzed using current setup. However, by incorporating the cell manipulation system into the single-probe MS apparatus, broader types of cell can be studied in future.
Similar to the MSI experiment, obtaining a high quality probe and an optimized solvent flow rate is critical for SCMS studies. When tuning the solvent flow rate, the single-probe tip is placed above the sample (i.e., no contact with the cell or culture medium), and ensure that there is no solvent dripping from the probe tip or bubble formation inside the nano-ESI emitter.
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